The discrete torque generation mechanism and inherently nonlinear magnetic characterization of switched reluctance motors lead to unacceptable torque ripples and limit the application of these motors. In this study, a phase current profiling technique and torque sharing function are proposed in consideration of magnetic saturation effects and by minimizing power loss in the commutation area between the adjacent phases. Constant torque trajectories are considered in incoming and outgoing phase current planes based on nonlinear T-i-theta curves obtained from experimental measurements. Optimum points on constant torque trajectories are selected by improving drive efficiency and minimizing copper loss in each rotor position. A novel analytic invertible function is introduced to express phase torque based on rotor position and its corresponding phase current. The optimization problem is solved by the proposed torque function, and optimum torque sharing functions are derived. A modification method is also introduced to enhance the torque ripple-free region based on simple logic rules. Compared with conventional torque sharing functions, the resultant reference current from the proposed method has less peak and effective values and exhibits lower copper loss. Experimental and simulation results from a four-phase 4 KW 8/6 SRM validate the effectiveness of the proposed method.
I. INTRODUCTION
Switched reluctance machines (SRMs) are constructed with a double salient motor and have no winding or permanent magnets in the rotor. They have a rugged and fault tolerant structure with the most robust and reliable construction [1] . Considering their simple structure, low manufacturing and repair costs, and ability to operate in a wide range of temperature and speed, SRMs have received much attention recently. Higher torque ripples compared with other AC-type machines is one of the most critical drawbacks of SR applications [2] . The torque pulsation mechanism and highly saturated nature of magnetic characterization lead to undesirable torque ripples, unfavorable acoustic noises, and deterioration in drive performance, especially in high-precision industrial applications. Many investigations have been undertaken and many torque control techniques have been introduced recently to suppress torque ripples [3] - [9] . Although design approaches were considered in [3] and [4] to produce constant torque and torque ripples were minimized, control techniques continue to be investigated to maintain motor torque at a desired level in conventional existing SRMs. One of the most convenient approaches is to coordinate the incoming and outgoing phase torque so that the resultant torque remains constant during the commutation between adjacent phases.
Torque sharing function (TSF) is the most well-known torque control method in which reference torques for individual phases are defined assuming that total torque is maintained at a constant level. Direct instantaneous torque control also involves a simple torque control concept [10] . However, the implementation of switching rules and advanced hysteresis functions is complicated. Some conventional TSFs, such as linear, cosine, cubic, and exponential types, have been reported in literature. Effective and peak phase currents, power loss, and satisfaction of the voltage constraints during commutation are some possible secondary objective functions to produce an optimal TSF. However, some of these objective functions may contradict others. For example, a low power loss implies fast commutation between two adjacent current phases and may cause voltage saturation. Vujicic [9] introduced a family of TSFs by using different secondary objectives, such as power loss minimization and drive constraint consideration. However, the consideration of linear magnetic characterization and a simple torque equation may reduce drive efficiency and performance. Selecting the slope of inductance only at the linear or saturation region also has a considerable impact on the effectiveness of this method, especially for the load torque near the rated value. The balanced TSF introduced in [6] 
. (4) As indicated by Eq. (4), considering nonlinear and saturation effects in the magnetic characterization of an SRM can lead to a complex calculation of phase torques. In many references, Eq. (5) is utilized to approximate phase torque that originates from the linear relationship between phase flux and current shown in Eq. (6) . Eq. (7) also represents the phase voltage relation, where R is the winding resistance per phase and
displays the flux linkage that corresponds to phase current k i and rotor position θ for the k th phase.
Considering Eq. (5), a positive phase torque can be produced when the slope of the inductance profile is positive. The current flow direction has no influence on the sign of the resultant torque. Fig. 1 illustrates the operation principle of an SRM in motoring and generating modes. Phase current begins to be excited during the positive slope of the inductance profile and is damped before entering the negative torque-generating area for operation in motoring condition. Fig. 2 shows the measured inductance profile for a 4 KW 8/6 SRM; its detailed nominal specifications are provided in the Appendix.
The position where the stator and rotor poles are located so that the corresponding phase flux path has maximum reluctance is called the unaligned position. In this condition, not only does phase inductance have the lowest value, but the slope of the inductance of its neighbor is also zero. Exciting the phase wherein the rotor position is near the unaligned position would significantly increase the phase current and would make the phase torque production negligible. Similarly, the position where the stator and rotor poles are faced together is the aligned position. Phase inductance has the maximum value in this position, and torque production capability is negligible.
B. TSFs
TSFs have been significantly considered in both research and industrial applications because of their simple concept and feasibility of implementation in torque control and ripple minimization of almost every type of SRM. In this method, torque interchange between two adjacent phases is performed in such a way that the resultant motor torque has a constant reference value. The total produced motor torque is obtained from the summation of phase torques. Generally, the conduction period of each phase is divided into two intervals: single phase conduction and two-phase conduction or commutation between adjacent phases. In the TSF method, the reference torque of the incoming phase is considered a specific function to make the resultant torque produced by the outgoing and entering phases constant. Fig. 3 presents the control block The input reference torque is divided into individual phase torques through the TSF functions. Phase reference currents are obtained from "torque to current" look up tables at each rotor position. The PWM or hysteresis control block is applied to obtain the desired currents in conventional current control schemes. "Torque to flux" look up tables can also be employed to control the phase flux in the inner control loop. Fig. 4 shows the conventional profiles of four typical TSFs, which have linear, cosine, cubic, and exponential forms.
The reference phase torque for each phase can be generated by shifting the predefined TSFs. Phase torque commands include the zero torque region, where the corresponding phase current should be zero, and the non-zero area. This region can be divided into two major areas: commutation and single conduction mode. In the commutation area, two adjacent phases should produce positive torque based on the distinctive functions. In single conduction mode, only one phase must provide the reference torque. The corresponding reference phase current is obtained from the "torque to current" look up table or by the invertible SRM model [9] to determine the relevant current.
The reference torques defined for the incoming and outgoing phases during the commutation interval are computed as follows:
( ) ( ) Operation should be in the maximum torque per ampere (MTPA) condition to increase the efficiency of the TSF method. The torque ripple factor, which represents the quantitative index of ripples existing in the motor torque, is obtained from the following equation:
One of the major drawbacks of TSF methods in dealing with the torque control problem and MTPA ratio is that the maximum speed where the torque ripple-free performance can be obtained is much lower than the base speed, especially at a nominal torque value. Some constraints on rising and falling times clearly cause deterioration in torque control performance. If the objective is to achieve the rated torque at the rated speed, the turn-on and turn-off angles must be changed in advance. This condition would cause a drastic decrease in torque per ampere ratio. A simple logical torque sharing function was proposed in [8] ; the function decreases the outgoing current and regulates the total produced torque by controlling the incoming phase current. However, point selection for the reference currents cannot guarantee the improvement in efficiency and reduction in power loss. The step rise in the incoming reference current at the start of the commutation region can also increase the peak value of the phase current and voltage stress, especially at low-speed operation. In this study, phase current profiling is introduced by optimizing efficiency, especially at low speed, and minimizing the copper power loss caused by the higher impact of copper loss than core loss at low speed.
III. OPTIMIZED CURRENT PROFILE AND TSF
Copper loss in SRM is directly proportional to the square of the effective phase currents. In normal operations, each cycle of phase excitation can be divided into two parts, namely, single phase and two-phase conduction, where commutations occur. With copper loss reduction as the desired secondary objective function, Eq. (13) can be derived. Minimization of copper loss is realized by decreasing the second part in Eq. (13) . Efficiency enhancement will be achieved if the first function under the integral in Eq. (13) 
The main target of TSFs is to control torque at a desired value, which may be changed from zero to the nominal value. If the reference torque is low, it would yield a corresponding current at a low level and SRM will operate at the linear region of its magnetic characteristics. However, SRMs are usually employed in applications with a rated value of torque to obtain high efficiency. As previously shown, almost all industrial types of SRMs operate near the nominal torque; the corresponding saturation effects cannot be ignored. The linear model for magnetic characterization and Eq. (5) for phase torque are considered to introduce the basic concept of the proposed current profile. Eq. (15) must thus be satisfied during the commutation period.
The above equation denotes the elliptic curve form shown in Fig. 5 for one rotor position.
The intersection between the elliptic curves and a circle with the center of origin in the phase current plane should only be on the incoming current or outgoing current axis to obtain the minimum copper loss shown in Fig. 5 . In the commutation Fig. 5 . Constant torque trajectory curve (elliptical curves) for one rotor position. Fig. 6 . Constant torque trajectory using a nonlinear SRM model and determining the optimum reference currents to achieve minimum power loss. region, the incoming reference current increases from zero to a high value, and the outgoing reference current decreases from a high value to zero. This condition results in a phase torque tracking error in the current control loop. The motor magnetization curve shows that the slope of inductance is not only related to rotor position but also to the phase current that has a major impact on its magnitude (Fig. 2) . Hence, considering Eq. (15) may cause an increase in torque ripple and decrease efficiency, especially near the rated torque value where the flux may enter in the saturation region. In this case, the problem formulation can be represented as follows:
where f and g are the functions that can be obtained by Eq. x-and y-axes. The saturation area reflects its effect on the elliptic curves so that the optimum points in the phase current plane can be out of alignment with the axes. Using this procedure for point selection on constant torque trajectories, reference currents would be smoother than those obtained by the method indicated in [8] . Fig. 7 indicates that for each rotor position, the semi-elliptic constant torque trajectories have only one intersection with the circle, a condition that indicates minimum copper loss in the area between the axes. The unique path obtained by the proposed method guarantees minimum copper loss in the commutation area because of the use of a nonlinear form of torque expression and saturation effects. The reference current profile is obtained by the proposed method for each reference torque. Fig. 8 shows the constant torque trajectory and the minimum copper loss circle when the rotor position is at 37 degrees, the unaligned position is at 30 degrees, and the alignment is at 60 degrees.
The phase current should be represented as a function of rotor position and reference torque to make this method suitable for implementation. [17] considered the phase current in each reference torque proportional to the reference current Fig. 9 . Comparison of the estimated and actual phase torques for the rated phase current.
obtained from the nominal load torque. However, this method might neglect magnetic nonlinear saturation characterization. Magnetic characterization can be considered in the linear region in the light load, whereas it should be assumed as a nonlinear function near the medium and rated torque. Although the above figures show the optimization procedure, implementing this procedure requires some offline computation and high memory to store the data for each reference torque and rotor position. In this study, an analytic invertible function is introduced in Eq. (17) to express the torque equation, which represents nonlinear and saturation effects properly. Hence, ( ) 
where j is the number of phases where the coefficients are calculated and m is the total number of stator phases. The introduced torque function phase current can be derived from the following equation:
(20) 
The conduction of each phase can be divided into two regions: single phase conduction (where only one phase must provide the reference torque) and the commutation area (where two adjacent phases should maintain the produced torque at the desired value). Considering Eqs. (16) 
. (22) Given that the total resultant torque in the commutation area should be equal to the reference level, Eq. (22) can be changed into the following representation:
where ε is the stroke angle obtained at 15 degrees for the four-phase SRM. For simplicity, the following assumptions are considered. The simulation results demonstrate that the resultant TSF is suitable for use in applications with low to medium speeds and low to high torque ranges. The voltage limitation and drive converter constraints should be considered to enhance the torque ripple-free speed range of the operation. Eqs. (26) and (27) represent the voltage relationship and maximum change in the phase currents with respect to the rotor position.
Considering that the phase inductance for the incoming region is similar to Eq. (28) as described in [14] , Eq. (29) can be obtained for the maximum current change in the incoming phase. In Eq. (28), the coefficients a, b, and c are obtained from the curve fitting 0.0084, ˗1.1, and 9.66, respectively. After calculating the reference torque for the incoming phase, the other phase is regulated based on the compensating torque error. With the proposed modification reference, the current is changed slightly in each rotor position based on the motor speed. In other words, the maximum change in phase current is limited for each rotor position because of the voltage constraint applied by the drive converter. This condition yields a torque error and reduces the efficiency of the torque control scheme. The torque error is added to the outgoing reference torque to overcome this problem similar to the proposed negative torque compensation introduced in [15] . Fig. 10 shows the block diagram of the proposed modification scheme. Instead of using a current control loop, phase torque control is used directly to avoid using the current-torque-position look up table or Eq.
.
IV. SIMULATION AND EXPERIMENTAL RESULTS
A 4 KW 8/6 SRM is employed for simulation and implementation to verify the proposed method for torque ripple minimization and commutation power loss. The detailed specifications of the SRM are provided in the Appendix. The torque sharing functions are obtained, and the optimum current profiling for each reference torque is derived with Eq. (25). The optimum phase current without modification can be obtained by considering Eqs. (18) and (19) and the coefficient provided in Table I . The regulation of the outgoing phase torque based on the torque error in the incoming phase torque tracking control loop is ignored. Fig. 11 shows the simulation results for the phase currents, fluxes, torques, and motor resultant torque at 20 Nm load torque and at the speed of 200 rpm. Table II presents the power loss during commutation for linear, cosine, cubic, and exponential forms and the proposed TSFs with the same condition as in Fig. 11 . The results in this table provide some insights and verify power loss minimization based on the proposed method.
Voltage saturation and constraints should be considered when speed is increased because of the existing limitation in the changing rate of phase fluxes, as Eq. (26) illustrates. Fig. 12 shows the simulation results for the speed of 500 rpm, in which the converter voltage cannot provide the required flux. The changing rate of the incoming phase and torque error in this phase leads to high torque ripples in the motor resultant torque.
The modification scheme is applied by compensating for the torque error in the incoming phase with the outgoing phase such that the resultant torque remains constant. Fig. 13 presents the results for the same load torque at the speed of 1000 rpm. In the figure, the torque ripple factor (TRF) is less than 15% when the proposed modification method is employed; the measured value of the uncompensated linear and cosine TSFs are 56% and 48%, respectively. Fig. 14 shows the torque speed characteristic for linear, cosine, and the proposed TSFs. The figure reveals the superiority of the proposed modified method in enhancing the torque ripple-free operational speed. Fig. 15 as well as Tables III and IV present the copper loss per phase and efficiency obtained by the proposed TSF and linear and cosine TSFs. In the figure, the proposed scheme leads to low copper loss and high efficiency, especially in high-torque and low-speed applications when iron loss is ignored. Linear and cosine TSFs have approximately the same power loss versus the load torque. However, cosine TSF has slightly smaller losses compared with the linear type. Table IV shows that the proposed method has high efficiency of up to 4% at low-speed and high-torque applications. The introduced modified method is implemented on an SRM rig. The main controller for implementing the proposed scheme is designed with TMS320F28335 from Texas Instruments. Phase currents are used as feedback signals and 10-bit digital signals from the absolute encoder by 1024 ppr. The analytical description of torque and phase current as introduced in Eqs. (17) and (20) as well as modification rules are programmed into DSP. Phase torques are considered feedback in the inner control loop, and the switching frequency is 10 kHz. Flux linkage data are calculated with voltage integration method. A rectangle voltage is applied to the phase at a specific rotor position. Voltage, current, and rising time are recorded with an oscilloscope. These data are used to calculate torque, flux, and the inductance profile. This procedure is repeated from the unaligned to the aligned position by the step of 1 degree in the rotor position. Fig. 16 shows the experimental results for the 10 Nm load torque without modification using the proposed scheme. In the figure, phase voltage is considered low enough to reveal the converter saturation effect on the rising phase torque in the incoming phase and decrease the resultant torque. The phase tracking error in the outgoing phase also tipped the shape of the motor resultant torque. In this case, the phase voltage is fixed to 150 V. Fig. 17 presents the same situation with the modification scheme. The torque ripple in the motor torque is reduced, and the average torque remains at 10 Nm. Fig. 18 shows the experimental results for the 14 Nm load torque without modification using the proposed scheme. Fig.  19 presents the same conditions with the proposed modification method. In this figure, the torque error in the incoming phase is added to the reference phase torque of the outgoing phase. The excess torque in the outgoing phase decreases the reference torque in the incoming phase. Fig. 20 shows the reference torque calculated from Eq. (25) for the load torque of 14 Nm. Fig. 21 shows the modified TSF utilized to maintain the total torque in the commutation region. Fig. 19 shows the decrease in TRF in the motor resultant torque compared with Fig. 18 . The measured TRF for the modified TSF in Fig. 19 is 41%, and the ripple factor index is 72% without modification in Fig.  18 .
V. CONCLUSIONS
A torque-sharing function was proposed in this study in consideration of nonlinear and magnetic saturation effects. Semi-elliptic curves that correspond to constant torque were introduced for different rotor positions. The constant torque performance of the proposed scheme when the speed is increased. The method satisfies the voltage limitation constraint based on the motor speed and retains the constant torque. The simulation and experimental results demonstrate the effectiveness of the proposed TSF and confirm the superiority of the novel method compared with conventional TSF types in terms of power loss minimization and torque ripple reduction. The comparisons were performed by optimal TSFs for linear and cosine types from computer simulations at different turn-on and turn-off angles. 
